Abstract-Chondrocytes, the cells in articular cartilage, exhibit solid-like viscoelastic behavior in response to mechanical stress. In modeling the creep response of these cells during micropipette aspiration, previous studies have attributed the viscoelastic behavior of chondrocytes to either intrinsic viscoelasticity of the cytoplasm or to biphasic effects arising from fluid-solid interactions within the cell. However, the mechanisms responsible for the viscoelastic behavior of chondrocytes are not fully understood and may involve one or both of these phenomena. In this study, the micropipette aspiration experiment was modeled using a large strain finite element simulation that incorporated contact boundary conditions. The cell was modeled using finite strain incompressible and compressible elastic models, a twomode compressible viscoelastic model, or a biphasic elastic or viscoelastic model. Comparison of the model to the experimentally measured response of chondrocytes to a step increase in aspiration pressure showed that a two-mode compressible viscoelastic formulation accurately captured the creep response of chondrocytes during micropipette aspiration. Similarly, a biphasic two-mode viscoelastic analysis could predict all aspects of the cell's creep response to a step aspiration. In contrast, a biphasic elastic formulation was not capable of predicting the complete creep response, suggesting that the creep response of the chondrocytes under micropipette aspiration is predominantly due to intrinsic viscoelastic phenomena and is not due to the biphasic behavior.
INTRODUCTION
Chondrocytes are responsible for the maintenance of articular cartilage through the anabolism and catabolism of the extracellular matrix components. With osteoarthritis (OA), this homeostasis is altered 15 leading to progressive degeneration of the tissue. The chondrocyte's response to biophysical factors engendered in the joint, such as stresses, strains, and fluid flow, is believed to contribute in part to the maintenance of the cartilage extracellular matrix. 6 Thus, a characterization of the mechanical environment of the chondrocyte and how this environment is altered with OA would provide important insight on the regulation of chondrocyte physiology in health and disease.
To gain a better understanding of the mechanical environment at a cellular level, mathematical models have been developed of the chondrocyte within its extracellular matrix while under compression, where the cell and matrix are modeled as biphasic materials. 2, 25 In order to predict accurately the spatial distribution and time history of the biophysical factors within and around the chondrocyte, such models require knowledge of the constitutive material behavior and mechanical properties of the cells and the extracellular matrix.
The micropipette aspiration technique has been used extensively in previous studies to determine the mechanical properties of cells (Fig. 1) . 9 While most such studies have focused on circulating cells, which behave as a liquid drop with cortical tension, certain cell types such as endothelial cells, osteoblasts, and chondrocytes behave as viscoelastic solid materials. 11, 16, 19, 20, 22 Previous studies have also used the micropipette technique to determine the volume change of chondrocytes after complete aspiration into a micropipette. 11 These studies demonstrated that chondrocytes are not incompressible, in that significant volume decreases were observed with compression. In other studies, 23 these experiments were used to show that the Poisson's ratio of the chondrocyte is approximately 0.4, providing a material property of the cell which is independent of the specific experimental configuration.
However, in modeling the mechanical behavior of these cells, previous studies have attributed the viscoelastic behavior of chondrocytes to either intrinsic viscoelasticity of the cytoplasm 7, 12, 22 or to biphasic effects arising from fluid-solid interactions within the cell. chondrocytes are not fully understood, and may involve one or both of these phenomena.
The goal of this study was to examine the hypothesis that the transient behavior of the chondrocyte in the micropipette aspiration experiment derives from solid-solid interactions (intrinsic viscoelasticity), fluid-solid interactions (biphasic behavior), or both (biphasic poroviscoelasticity). 18 To simulate the steady state aspiration length during micropipette aspiration, the cell was modeled using finite strain incompressible and compressible elastic models. The creep response was investigated using a finite strain two-mode compressible viscoelastic model, a biphasic elastic model, and a biphasic two-mode viscoelastic model. The cell was modeled as a nonlinear homogeneous compressible elastic sphere in the finite element model, as opposed to previous studies that have assumed a linear homogeneous incompressible elastic half-space in the analytical solution. 7, 12, 16, 20 In this manner, a secondary goal was to examine the influence of the geometry of the cell and micropipette on the measured cell properties, in comparison to analytical solutions of micropipette aspiration.
METHODS
A nonlinear finite element analysis of the micropipette experiment was performed using several constitutive models. Neglecting the effect of inertia terms and body forces, the governing momentum equation is expressed as
and must be supplemented by suitable boundary conditions. To study the elastic properties of the cell a compressible Neo-Hookean model was adopted, expressed as
where, using the deformation tensor F = (
T with → ∇0 the gradient operator with respect to the reference configuration, the volume ratio J is defined as
and the right Cauchy-Green tensor B is given by
The material parameters κ and G denote the compressibility modulus and the shear modulus, respectively. These parameters may be expressed in terms of the Young's modulus and the Poisson's ratio, via
In the limit of incompressible behavior J = det(F) = 1 or, equivalently, ν = 0.5, and this model reduces to
with τ = G(B − I).
A viscoelastic model is used to investigate the timedependent behavior of the cell during micropipette aspiration. For this purpose, a two-mode viscoelastic model is introduced
where σ e denotes a purely elastic response, using Eq. (2) while τ v denotes a viscoelastic response, employing a compressible Upper Convected Maxwell model
with D d the deviatoric part of the rate of deformation tensor, defined by
and G v the modulus and λ the relaxation time of the viscoelastic mode, respectively. The finite element implementation is based on the incrementally objective algorithm.
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A biphasic theory is employed to investigate if the time-dependent behavior of the cell during micropipette aspiration can be captured with this theory. Assuming isotropic and constant permeability, the governing equations may be cast into 13 ,17
where σ denotes the stress tensor of the solid phase, → v the velocity of the solid phase, k the permeability coefficient, and p the pressure. The fluid-solid interaction is assumed to obey Darcy's law, hence (12) can be written asJ
During the micropipette aspiration experiments, the cell is exposed to a fluid pressure, p, within the micropipette. The surface traction on the part of the boundary of the cell that is within the micropipette is therefore found from the hydrostatic pressure and the surface normal to the cell. As the cell is aspirated into the micropipette with increasing pressure, the surface normal vectors change with the evolving cell shape. To retain quadratic convergence of the Newton-Raphson iteration process, it proved crucial to include the effect of the rotating normal appearing in the surface traction expression (both due to the external traction and contact pressure) in the stiffness matrix. The micropipette aspiration experiment was analyzed using an axisymmetric finite element mesh that was refined near the surface contacting the pipette (Fig. 2) . To satisfy the so-called inf-sup condition, the elements employ a biquadratic interpolation for the displacement and a bilinear, continuous interpolation for the pressure. Along the left boundary symmetry conditions are applied, while along the portion of the cell boundary within the micropipette suction pressure is applied. Sliding contact conditions along the interface with the micropipette are enforced through the use of a Lagrange multiplier formulation. Mesh refinement studies have indicated that this mesh is sufficiently refined to provide accurate results.
RESULTS
In response to a step increase in pressure through a micropipette, the chondrocyte demonstrated an initial elastic response to the application of a pressure difference p, followed by a time dependent creep response. The experiments reported previously by Trickey et al. 22 were fitted with a viscoelastic model formulated Sato et al. 16 based on a half space approximation assuming incompressible behavior and infinitesimal strains, extending the elastic model of Theret et al. 20 In this model the normalized aspiration length is given by
where t is the time, p the applied pressure, a the aspiration length, R p the inner radius of the micropipette, a wall function identified as 2.1 in the experiments of Trickey et al., 22 and k 1 and k 2 are viscoelastic parameters. The parameters k 1 , k 2 , and τ are fitted to experimental data 22 and are summarized in Table 1 . For the experimental protocol (published previously), chondrocytes were isolated from adult human articular cartilage using enzymatic digestion. Cells were placed in a testing chamber on an inverted microscope, 9 and a tare pressure of 0.01 kPa was applied for 60 s to define a reference state for measurements of cell deformation. The aspiration experiment involved application of a step increase in pressure ranging from 0.14 to 0.70 kPa, and the length of cell projection into the micropipette was measured for 180 s. The micropipette diameter equals 5 µm. 16 and have been identified by Trickey et al. 22 for chondrocytes of non-osteoarthritic cartilage.
Note. D c is the diameter of the cell.
Equilibrium Response
The final aspiration length corresponds to an elastic state. In fact, release of the chondrocyte from the micropipette results in a complete recovery of the original spherical shape of the chondrocyte. For t → ∞ the time dependent contribution, Eq. (9), to the viscoelastic constitutive model, combining Eqs. (2), (8), and (9), vanishes and the model reduces to a purely elastic model, Eq. (2). Therefore, if the Poisson's ratio is known computation of the equilibrium state as a function of the aspiration pressure allows identification of the Young's modulus E by comparison with the steady state response of Eq. (15) . In a separate study, 21 we demonstrate that, on average, chondrocytes have a Poisson's ratio of ν = 0.4.
At three cell/micropipette diameter ratios D c /D p , we have computed the normalized aspiration length a/R p as a function of the normalized suction pressure p/E for a compressible chondrocyte at ν = 0.4, denoted by the closed symbols in Fig. 3 . The cell/micropipette diameter ratio has a marked effect on the aspiration length, in particular for small D c /D p ratios. These
This expression has been used in various studies to extract the equilibrium modulus E from micropipette experiments. 11, 22 Although Eq. (16) fits the experimental observations fairly accurately, 22 it may be questioned if the resulting modulus E is meaningful because the model is based on a half space approximation at infinitesimal strains assuming incompressible behavior. In view of the finite size of the chondrocyte relative to the micropipette diameter the use of this expression may be questioned. To investigate the effect of these approximations, the analytical solution was compared to the incompressible, elastic finite element solution at various cell/micropipette diameter ratios represented by the open symbols in Fig. 3 . In contrast with the analytical approximation, the finite element simulation predicts a slightly convex response of the aspiration length as a function of the pressure. For a sufficiently large D c /D p ratio, hence for sufficiently small micropipette diameters relative to the chondrocyte, results of the computational model were found to be in good agreement with the halfspace theory. 20 However, it is important to note that, at least locally, the deformations and rotations were found to be large, and exceed the limit of the infinitesimal strain theory. Thus, although the infinitesimal strain theory predicted the aspiration length fairly well for a number of situations, the local deformations near the contact surface are not predicted well at all. Note. This linear expression is used to fit the curves of Fig. 4 .
The full aspiration experiments of Jones et al. 11 indicate that chondrocytes are compressible with a Poisson's ratio of approximately 0.4. 23 The impact of compressibility on the aspiration length was investigated by adopting the compressible neo-Hookean model Eq. (2) and by varying the Poisson's ratio ν while maintaining a constant Young's modulus E (Fig. 4) . With increasing compressibility (i.e., decreasing ν), the deviation from the incompressible half solution increases. The normalized aspiration length (a/R p ) is a slightly convex function of the normalized pressure ( p/E), but it may be approximated with a linear function. The slope of this linear approximation as a function of the Poisson ratio is given in Table 2 , and is indicative of the deviation from the incompressible half space solution. For example, at ν = 0.3 the slope of the compressible solution deviates 50% from the slope of incompressible half space solution.
The steady aspiration length was also analyzed using the compressible elastic two-phase model. In that case the Cauchy stress tensor in Eq. (11) is assumed to be the compressible neo-Hookean expression Eq. (2). As before the Poisson's ratio was chosen as ν = 0.4. The hydraulic permeability parameter k in Eq. (12) was estimated at 7.7 × 10 −15 m 4 /(N · s), 22 which is a suitable upper limit for the permeability parameter. 21 The results of the analysis are sensitive to the prescribed pressure boundary conditions. At the free surface of the chondrocyte within the pipette, the aspiration pressure was prescribed. At the part of the cell boundary that is in contact with the pipette, the pressure gradient was set to zero, corresponding to a zero fluid velocity. At the part of the boundary outside the pipette, the pressure was set to zero. By performing a series of time dependent simulations at various aspiration pressures p the steady aspiration length was obtained, and is compared to the compressible and incompressible elastic results as well as the Theret solution (Fig. 5) , all for D c /D p = 3. The steady state aspiration length predicted by the elastic two-phase theory is in between the predictions of the compressible and incompressible elastic theory.
Time Dependent Response
The time-dependent response was analyzed using either the two-mode viscoelastic model or the biphasic theory. Based on previous experiments, 11,23 a response for an "average" chondrocyte may be defined, which is depicted by the symbols in Fig. 6 . In case of the two-mode viscoelastic model, the ratio of the initial aspiration length and the final steady state aspiration length is directly related to the ratio of the modulus of the elastic model, G in Eq. (2), and the viscoelastic model, G v in Eq. (9) . For this purpose the parameter β is introduced, defined by
The definition of the Young's modulus E is related to the shear modulus G of the elastic model. At sufficiently small t/λ, the viscoelastic model Eq. (9) yields a (hypo)elastic response. Therefore, the effective stiffness for t/λ → 0 equals G + G v = (1 + β)G. If a steady state deformation is reached at sufficiently large t/λ, stresses associated with the viscoelastic mode relax completely, and the final response of the cell corresponds to an elastic response using the compressible neo-Hookean model with modulus G. Consequently, the elastic modulus G can be estimated from the steady state aspiration length, while β can subsequently be obtained from the initial aspiration length. The relaxation time λ can subsequently be estimated from the time dependent response of the chondrocyte. Assuming compressible behavior at ν = 0.4, the two-mode viscoelastic model accurately predicts the average experimental response of chondrocytes, see Fig. 6 . The shape of the chondrocyte is depicted in Fig. 7 at t = 0, at the end of the pressure application interval, and at the final steady configuration, respectively. Previous studies have suggested that the compressible response of chondrocytes is due to a biphasic phenomenon, that is, due to diffusive drag between the fluid and solid phases. In the biphasic theory, the permeability parameter k implicitly defines a time scale. Using the compressible neo-Hookean model in the biphasic equations (11) and (12), and the estimated values of the Poisson's ratio (ν = 0.4) and the permeability parameter k = 7.7 × 10 −15 m 4 /(N · s), it is not possible to reproduce fully the experimental response of the chondrocytes. However, using a two-mode viscoelastic model, the response is as depicted with the dashed line in Fig. 6, at β = 1.2 and λ = 15 s. In this case the optimal value for β was found iteratively, by systematic variation of β.
DISCUSSION
The objectives of this study were to investigate the ability of various constitutive models to predict the aspiration response of chondrocytes, and to examine the influence of the relative geometry of the cell and micropipette in determining parameters. Our findings suggest that a purely biphasic model cannot fully capture the experimentally observed creep response of chondrocytes, while a viscoelastic or biphasic viscoelastic model more accurately predicted cell response. These findings suggest that biphasic phenomena are likely not the primary mechanism responsible for cell viscoelasticity, although it may be responsible for observed changes in chondrocyte volume under mechanical stress.
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The aspiration length of chondrocytes has been shown to be time dependent. 11, 22, 23 After an initial elastic response that is proportional to the aspiration pressure, a creep response is observed before the aspiration length and the cell shape, reach a steady state. Both the initial response and the final steady state may be described using an elastic constitutive model. For this purpose the compressible neo-Hookean model was used. The use of the compressible model, in conjunction with its incompressible version, was motivated by the experimental results of 11 that showed that chondrocytes are compressible and decrease their volume under mechanical compression. Given the intrinsic incompressibility of cells under hydrostatic pressure, 24 this compressibility is likely due to exudation of fluid from the cell under a pressure gradient and indicative of a biphasic nature of chondrocytes. It therefore was hypothesized that the creep response was due to both the biphasic properties of the cell as well as an intrinsic viscoelastic response.
An assumption had to be made about the shape of the corner of the micropipette for the finite element simulations. Scanning electron microscopy images of the micropipette end showed a small curvature at the edge, of approximately 0.1 R p , where R p is the micropipette inner radius. In the micropipette simulations a circular shape was chosen with a slightly larger curvature: 0.15 R p , to avoid the need for excessive mesh refinement near the contact area. The circular shape was advantageous for the numerical solution as opposed to a sharp corner because there were no discontinuities in the slope of the micropipette surface. Choosing a different shape or radius of the corner may alter the results, but Haider and Guilak, 8 using a boundary element analysis, showed that changing this curvature did not alter the curve to as great a degree as the varying diameter ratios (D c /D p ). Despite the lack of singularities with the circular corner, all finite element simulations eventually ceased to converge, which, at least in part, is attributed to excessive element distortion near the circular edge of the pipette.
Theret et al. 20 have derived an analytical expression of aspiration length assuming a half-space configuration, and an incompressible infinitesimal strain approximation. In that case the normalized aspiration length a/R p is proportional to the normalized pressure p/E. The half space approximation implies that the finite size of the cell with respect to the micropipette diameter is not accounted for. It therefore is expected that for small ratios of the cell diameter to micropipette diameter this solution is inaccurate. This is indeed the case. If the D c /D p ratio exceeds 3, the Theret solution is indeed inaccurate, as demonstrated in Fig. 3 .
The data presented in Fig. 4 and Table 1 allows one to calculate the Young's modulus of the cell at a given Poisson's ratio. For example, based on Table 1 the slope of the normalized aspiration length versus normal pressure curve equals 1.33 at ν = 0.4. Using the experimental results of 22 it can be concluded that the Young's modulus of nonosteoarthritic cells corresponding to the steady state during micropipette aspiration equals 0.48 ± 0.22 kPa.
The trends observed in Fig. 4 are similar to those by Haider and Guilak 7 in that the curves are slightly convex. In this study however, all values are above the analytical solution, while Haider and Guilak show values crossing from above to below one as the length increases. Two important differences between the two studies are the use of infinitesimal strain theory and the assumption of incompressibility in the previous study by Haider and Guilak, while the current study extends the constitutive model to account for large deformations and compressibility.
An important finding of this study was that the biphasic elastic model alone was not able to describe the time dependent creep behavior of chondrocytes during micropipette aspiration. This point was also demonstrated by the steady state results depicted in Fig. 5 . If the pressure application is fast compared to the intrinsic time scale associated with the biphasic theory, the initial biphasic response approaches the incompressible solution, corresponding to the lowest curve in Fig. 5 . Subsequently, the fluid is partially expelled from the chondrocyte, and compressibility effects enter the solution. This phenomenon explains why the biphasic solution predicts a deformation response that falls between the incompressible and the compressible solution. This finding also implies that the additional, time dependent aspiration length is at most equivalent to the difference in displacement between the fully incompressible and fully compressible curves (Fig. 5) . However, the observed aspiration length from the initial state to the final steady state is much larger experimentally 22 than that predicted theoretically (Fig. 5) . The limited additional creep like aspiration length is also observed in Fig. 6 , where the triangle is the end of the pressure application phase. The intrinsic biphasic response manifests itself on a relatively short time scale, which is on the order of seconds (Fig. 6) , and the aspiration length quickly increases to approach the experimental curve. After this, the viscoelastic creep response sets in.
In conclusion, the biphasic theory may indeed be used to predict the volumetric response of chondrocytes, but by itself does not explain the transient creep response during micropipette aspiration. The use of a compressible two-mode viscoelastic model alone is sufficient to capture the time dependent behavior of chondrocytes during micropipette experiments. Relative to the incompressible, infinitesimal strain half-space solution, the curvature of the cell significantly affects the results when the diameter ratio D c /D p exceeds 3, the compressibility of the cell substantially alters the estimation of the modulus of chondrocytes. Taken together with previous studies of the volumetric response of the chondrocyte to mechanical and osmotic stress, these findings suggest that the chondrocyte behaves as an intrinsically viscoelastic and "triphasic" material, whose volumetric response depends on both the mechanical and physicochemical environment around the cell. 3, 4, 10, 11, 14 
